In the yeast Saccharomyces cerewisiae several phenotypic properties controlled by cAMP-dependent protein kinase (cAPK) are indicative of high cAPK activity during growth on glucose and low activity during growth on non-fermentable carbon sources and in stationary phase. It has been a matter of debate whether the apparently higher activity of CAPK in cells growing on glucose is due to a higher CAMP level or to an alternative mechanism activating cAPK. The CAMP level during diauxic growth of yeast cells in cultures with different initial glucose levels and different initial cell densities has been reinvestigated and the previously reported twofold increase in CAMP during growth initiation has been confirmed. However, this increase was transient and entirely associated with the lag phase of growth. The initiation of exponential growth on glucose was associated with a decrease in the CAMP level and there was no correlation between this decrease in CAMP and the depletion of glucose in the medium. In mutants defective in feedback inhibition of CAMP synthesis, resuspension of exponential-phase glucosegrown cells in glucose medium caused an extended lag phase during which a huge, transient accumulation of CAMP occurred. The latter required the presence of glucose and nitrogen, but not phosphate or sulfate, and was not due to intracellular acidification, as shown by in wiwo 31P-NMR spectroscopy. The initiation of exponential growth on glucose was also associated in this case with a decrease in CAMP rather than an increase. This behaviour was also observed in strains with attenuated catalytic subunit activity and lacking the regulatory subunit and even in strains without catalytic subunits of cAPK. This might indicate that other mechanisms are able to cause down-regulation of CAMP synthesis in a way mimicking feedback inhibition. Transfer of glucosegrowing cells of wild-type or cAPK-attenuated strains to a nitrogen starvation medium resulted in an increase in the CAMP level rather than a decrease. The results indicate that the apparent changes in cAPK activity in who during diauxic growth on glucose and during nitrogen starvation cannot be explained on the basis of changes in the CAMP level.
INTRODUCTION
In the yeast Saccharomyces cereuisiae several phenotypic characteristics are known to be affected drastically by the activity of CAMP-dependent protein kinase (cAPK). Typical examples include the level of trehalose and glycogen, inherent and acquired stress resistance and the expression of ' STRE '-controlled genes like CTTl (catalase) and SSA3 (Hsp70). In yeast mutants with a reduced cAMP level or with reduced activity of cAPK all these parameters are up-regulated compared to wild-type cells, whereas in yeast mutants with an elevated cAMP level or with enhanced activity of cAPK these parameters are down-regulated. A very similar difference in the same phenotypic properties is observed between cells growing fermentatively on glucose or related rapidly fermented sugars and cells growing respiratively on nonfermentable carbon sources like glycerol or ethanol. The former display a ' high-CAMP phenotype ' while the latter display a ' low-CAMP phenotype ' (Tatchell, 1993 ; Thevelein, 1994) .
Two different views have been proposed to explain the striking difference in cAPK-controlled properties between cells growing on glucose and those growing on non-fermentable carbon sources. The most straightforward view proposes that the cAMP level is higher in cells growing on glucose and that the resulting higher activity of cAPK is responsible for the observed phenotypic differences (Boy-Marcotte et al., 1987; Dumont et al., 1989; Engelberg et al., 1989; FranSois et al., 1987; Gibbs & Marshall, 1989) . This view is supported by the well-known stimulating effect of glucose on cAMP synthesis observed immediately after addition of glucose to cells growing on a non-fermentable carbon source (Beullens et al., 1988; Eraso & Gancedo, 1985; Thevelein & Beullens, 1985 ; van der Plaat, 1974) . cAMP levels during diauxic growth were measured by Fransois et al. (1987) and Russell et al. (1993) . FranSois et a!. (1987) reported that cAMP decreased parallel to the disappearance of glucose in the medium and stayed constant after glucose depletion. Russell et al. (1993) reported that cAMP dropped during the early fermentative phase of growth to reach a minimum at the diauxic shift. Afterwards the cAMP level rose somewhat but never regained the level present during the fermentative phase. In both cases the largest difference in the cAMP level was slightly more than a factor of two. Closer inspection of the data reported in both papers, however, reveals that the highest cAMP level was present during the initial lag phase of the culture. During subsequent initiation of exponential growth on glucose the cAMP level dropped and the further decrease associated with the diauxic transition was very small and does not appear to be significant. This raises the question whether the drop in cAMP is really related to the disappearance of glucose in the medium or whether it is associated, for instance, with exit from lag phase.
We have proposed that the cAMP level in cells growing on glucose is essentially the same as in cells growing on non-fermentable carbon sources and that the difference in the apparent level of cAPK activity is caused by another pathway which triggers activation of the free catalytic subunits of cAPK in a novel CAMP-independent way. We have called this pathway the ' Fermentable-growth-medium-induced pathway' (Thevelein, 1991 (Thevelein, , 1994 . This suggestion was based on the glucose-repressible character of glucose-induced activation of cAMP synthesis (Argiielles et al., 1990; Beullens et al., 1988; Dumortier et al., 1995) , the observation that other nutrients in the presence of glucose can trigger activation of trehalase without effect on cAMP (Hirimburegama et al., 1992) and by the demonstration that several targets of cAPK are still regulated during diauxic growth in strains lacking the regulatory subunit of cAPK (Belazzi et al., 1991; Cameron et al., 1988; Durnez et al., 1994) .
In an attempt to resolve these opposing views we have re-investigated the cAMP level in a wild-type strain during growth on glucose, using cultures with different initial glucose levels and cell densities. In addition, we have made use of strains with attenuated activity of cAPK. In S. cereuisiae the genes TPKZ, TPK2 and TPK3 encode the catalytic subunits of cAPK, whereas the BCYl gene encodes the regulatory subunit (Toda et al., 1987a, b) . Yeast strains with deletions of two of the TPK genes and a partially inactivating mutation in the third TPK gene display strongly reduced activity of cAPK.
Such strains were found to contain highly elevated levels of CAMP, indicating the existence of strong feedback inhibition of cAPK on cAMP synthesis in wild-type strains (Nikawa et al., 1987) . Glucose and other fermentable sugars cause rapid and huge increases in the cAMP level in cells of such strains (Mbonyi et al., 1990) .
Deletion of the three TPK genes is lethal in a wild-type strain, but this lethality can be rescued by additional deletion of the YAK1 gene which encodes a protein kinase with unknown function (Garret & Broach, 1989) . We now show that such quadruple deletion mutants also display highly elevated cAMP levels. Using this set of strains we show that the lag phase of growth is associated with a transient increase in CAMP, the initiation of exponential growth on glucose is associated with a decrease in cAMP and that there is no correlation between the decrease in the cAMP level and the depletion of glucose in the medium. (Garret & Broach, 1989) . The wild-type strain was grown on SD glucose medium (Sherman et al., 1986) with an initial glucose level of cAMP level during diauxic growth in yeast 1,2 and 4% (w/v) and an initial cell density of 0.5 (measured as OD,qo). In addition the wild-type strain was also grown with an initial glucose level of 2 O/ O in the medium and an initial cell density of 0.1 (OD,,,) . The cells of the strains with attenuated cAPK activity (and the wild-type strain as control) were grown on SD glucose medium (2% glucose) to exponential phase, harvested by centrifugation, washed with cold water and resuspended in fresh SD glucose medium at an OD,,, of 1.0. All cultures were grown in shake flasks in a gyratory incubator at 200 r.p.m. from starter cultures grown on SD glucose medium to exponential phase. Glucose was added 10 min after inoculation of the cells in SD medium. The first sample (time 0) was taken 10 min after inoculation, just before the addition of glucose.
METHODS
Determination of CAMP content. Samples for cAMP determination were taken as indicated. Extraction of the cells and determination of the cAMP level were carried out as described previously (Thevelein et 
al., 1987a).
In vivo "P-NMR spectroscopy. The NMR experiments could not be performed under exactly the same conditions as the cAMP determinations due to technical reasons. However, the changes observed in the glycolytic intermediates and the intracellular pH by ,lP-NMR spectroscopy are indicative of normal initiation of glucose metabolism in all the strains used. The cells were grown under the same conditions as for the cAMP experiments, harvested and resuspended in 25 mM Tris/citrate buffer, pH 5.5. For each in vivo ,lP-NMR experiment about 200 mg dry wt of cells was resuspended in 4 ml of the same buffer. NMR spectra were recorded at 25 "C using a Bruker AMX-300 or an AMX-500 spectrometer, operating at 121.5 or 202.46 Mhz, respectively. NMR tubes (10 mm) were used in a broadband probe. An efficient mixing of the cell suspension was achieved by using an air-lift system (Santos & Turner, 1986) 
RESULTS
The cAMP level in the wild-type strain DC124 (isogenic to SP1) was measured during growth o n SD glucose medium. Three different initial glucose levels were used : 1, 2 and 4%. In addition, a fivefold-lower initial cell density was also used for a culture with 2 % glucose. at the different time points was observed. However, in all cases the transient increase in the cAMP level was very similar and entirely associated with the lag phase of the cultures. There was a tendency for a somewhat higher transient cAMP increase during the lag phase with increasing glucose levels in the medium (Fig. 1) . When the initial cell density was reduced fivefold in a culture with an initial glucose level of 2 YO, the increase in OD,,, and the usage of the glucose in the medium was clearly retarded compared to the control culture. During the first 8 h the glucose level in the medium did not decrease noticeably. However, the course of the cAMP level again was very similar to that of the other three cultures (Fig. 1 ).
In this study we also made use of yeast strains with partially or completely defective cAPK activity. Such strains display reduced feedback inhibition by cAPK of cAMP synthesis and as a result they have much higher and also much more variable cAMP levels than the wildtype strains (Nikawa et al., 1987; Mbonyi et al., 1990) . T o avoid as much as possible that any increase in the cAMP level could be attributed to adaptation of such strains to the glucose-containing medium, as previously observed (Mbonyi et al., 1990) , we grew the cells first on SD glucose medium to exponential phase, after which they were harvested, washed with cold water and resuspended in fresh SD glucose medium. The following strains were used : a strain with a partially inactivating point mutation in TPKZ and a deletion of TPK2 and TPK3, which displays reduced activity of cAPK (tpkZ"' tpk2A tpk3A), the same strain but with an additional deletion of BCYZ, which displays reduced and constitutive activity of cAPK (tpkl"' tpk2A tpk3A bcylA), and a strain with a deletion of the three TPK genes and an additional deletion of YAK2 to overcome the lethality caused by the triple deletion (tpk2 A tpk2A tpk3A yak1 A ) . In addition to the wild-type strain, the yakZA strain was also used as a control.
The three strains with defective cAPK activity displayed a much longer lag phase than the wild-type strain upon resumption of growth (Fig. 2 ) . They also consumed the glucose in the medium much more slowly than the wildtype strain (Fig. 2 ) . In the three strains glucose consumption paralleled the increase in OD,,, with the tpkZ"' BCYZ strain being the slowest and the tpkl-3A yakZA strain the fastest. The yakZA strain behaved as the wild-type strain (results not shown). Two other strains with reduced, constitutive activity of cAPK, tpkl : : URA3 tpk2"' tpk3 : : TRPZ bcyl : : LEU2 and tpkl : : URA3 tpk2 : : HIS3 tpk3"' 6cyZ : : LEU2, displayed a similar lag phase before growth resumed (results not shown). In the tpk2"' strain the lag phase was somewhat shorter which fits with the previous observation that this strain appears to have the highest remaining protein kinase activity (Durnez et al., 1994) . During the extended lag phase preceding exponential growth the three strains with defective cAPK activity showed a huge transient increase in the cAMP level (Fig. 2 ) . The maximum cAMP level attained was about 500-to 1500-fold higher than the maximum level observed during the lag phase in wild-type cells. This maximum level was rather variable between different experiments but the time dependence of the changes was more constant. The decrease in the cAMP level always coincided approxi- mately with the end of the lag phase. In the tpkl"' B C Y l strain, which displayed the longest lag phase, this transient hyperaccumulation of cAMP also lasted longest (Fig. 2). (The drop at 4 h in Fig. 2 was not reproducible.) The drop in the cAMP content following the initial increase was very clearly not related to the depletion of glucose in the medium (Fig. 2) . The two other strains with reduced constitutive activity of cAPK, tpkl : : URA3 tpk2"' tpk3 : : TRPl 6 c y l : : LEU2 and tpkl : : URA3 tpk2 : : HIS3 tpk3"' 6 c y l : : LEU2, displayed the same transient increase except that in the former strain the increase in the cAMP level was smaller, consistent with its higher protein kinase activity (results not shown). The transient increase in the cAMP level was not affected by addition of the respiration inhibitor Antimycin A (results not shown).
The extended lag phase of the cAPK-defective mutants indicates that they have a problem in continuing growth even after a relatively slight disturbance in the growth conditions. This problem might be situated, for example, in metabolism or in cell cycle progression. If the problem was situated in glucose metabolism, the transient increase in the cAMP level could be due to a transient intracellular acidification occurring during this extended lag phase. Wild-type cells are known to display a very short-lived intracellular acidification upon addition of glucose (den Hollander et al., 1981; Thevelein et al., 1987b) . This transient acidification is due to the generation of protons in glucose catabolism and is counteracted by the plasma membrane H+-ATPase, of which the activity depends on efficient generation of ATP. Glucose addition to wild-type cells causes higher activity of the plasma membrane H+-ATPase because of the increase in the ATP level and because of posttranslational activation of the enzyme (Serrano, 1983) . Therefore glucose addition to wild-type cells is invariably associated with a clear increase in the intracellular p H after the very short-lived initial decrease. To investigate whether the large transient increase in the cAMP level in the yeast strains defective in cAPK could be due to an extended intracellular acidification of the cells, we have measured, by means of in vivo 31P-NMR spectroscopy, the intracellular p H in such strains as a function of time after addition of glucose. Representative 31P-NMR spectra are shown in Fig. 3 for cells of the t p k l A t p k 2 A t p k 3 A y a k l A strain before and 3 min after glucose addition. From the position of the phosphate peak in the 31P-NMR spectrum the cytoplasmic p H was determined as a function of time after glucose addition (den Hollander et al., 1981) . The results are shown in Fig. 4 for the wild-type, tpkl"' t p k 2 A tpk3A, tpkl"' t p k 2 A t p k 3 A 6 c y l A and t p k l A t p k 2 A t p k 3 A y a k l A strains. They clearly show that the strains with partially or completely defective cAPK activity raise their intracellular p H within a few minutes after glucose addition in a very similar way as observed for the wildtype strain. Both the rate and the extent of the increase did not seem to be affected strongly by the defects in cAPK activity. Similarly, the increase in the ATP and sugar phosphate levels was not significantly different between the wild-type strain and the other strains (results not shown). Hence, this large, transient hyperaccumulation of cAMP cannot be ascribed to a general metabolic weakness due to the defective cAPK activity.
Because of technical reasons the in vivo 31P-NMR experiments could not be performed under exactly the same conditions as the cAMP measurements. In spite of this, we feel that the results indicate that the cAPK- defective strains show normal initiation of glucose catabolism and enhancement of intracellular p H and that in all likelihood they also display such behaviour under standard growth conditions. When cells of the mutants with reduced feedback inhibition of cAMP synthesis were transferred to fresh SD glucose medium lacking nitrogen the hyperaccumulation of cAMP was strongly reduced. This is shown in Fig. 5(a) for the strain displaying reduced, constitutive activity of cAPK, t p k l w1 t p k 2 A t p k 3 A 6 c y l A , and in Fig.  5(b) for the t p k l -3 A y a k 1A strain. The transfer to nitrogen starvation medium, however, still caused a pronounced increase in the cAMP level rather than the decrease which would be expected on the basis of the change in cAPK-controlled characteristics of wild-type cells when transferred to the same nitrogen starvation condition. In the strain displaying reduced, constitutive activity of cAPK, tpkl"' t p k 2 A t p k 3 A b c y l A , this increase of cAMP upon transfer to nitrogen starvation medium was also transient but the cAMP level started to drop only about 1 h later than when the cells were transferred to full SD glucose medium (Fig. 5) . Transfer of the cells of this strain to SD glucose medium lacking either phosphate or sulfate resulted in the same transient hyperaccumulation as during transfer to complete SD glucose medium except that the cAMP level also started to drop about 1 h later than in the full medium (Fig. 5 ) .
Addition of cycloheximide did not affect the rate of the initial increase in cAMP for both strains but reduced the maximum extent of the increase and slowed down the decrease to a variable extent in different experiments (Fig. 5 and results not shown) .
When the cells were transferred to SD medium without glucose, the cAMP increase was very small. The presence of 5 mM glucose was enough to attain 50% of the increase with 100 mM (results not shown). Together with the strong requirement for nitrogen this seems to support that only a lag phase preceding growth is associated with the huge transient cAMP increase. With cells grown and resuspended in SD glycerol medium with or without nitrogen source no significant cAMP increase was observed, further supporting the importance of the presence of a fermentable sugar in the medium (results not shown).
We have also performed a similar experiment with a wild-type strain. Although the variation in the cAMP level was very small compared to the feedback-inhibition-defective strains, an initial very short-lived increase could also be detected upon transfer of the cells to complete SD glucose medium (results not shown).
Transfer to SD glucose medium lacking nitrogen also resulted in a transient increase in the cAMP level in the wild-type strain rather than an immediate decrease. On the other hand, during prolonged nitrogen starvation the cAMP level dropped to a somewhat lower level than in the cells on complete SD glucose medium. The difference, however, was at most a factor two (results not shown).
DISCUSSION
Our results on the cAMP level during diauxic growth confirm earlier results (Frangois et al., Russell et al., 1993) that the cAMP level is highest at the initiation of the growth curve. However, they clearly contradict the conclusion that the decrease in the cAMP level correlates with the depletion of glucose in the medium and that therefore growth on glucose is associated with a higher cAMP level. Our results show that the lag phase of growth is specifically associated with an increase in the cAMP level and that this level decreases again at or before the actual initiation of exponential growth on glucose. The cAMP level during exponential growth on glucose is not significantly different from the level at the diauxic transition, when the glucose is depleted.
This conclusion is further supported by the results obtained with the strains displaying reduced feedback inhibition of cAMP synthesis. Such strains show a prolonged lag phase even upon resuspension of glucosegrown cells in fresh glucose medium. During this lag phase they show a huge transient hyperaccumulation of cAMP level during diauxic growth in yeast CAMP, confirming the conclusion that lag phase cells are subject to a strong stimulation of cAMP synthesis. Although the experimental manipulation of the cells involved a possible stress-provoking treatment (centrifugation and washing with cold water) which could lower cAPK activity, the different results obtained with the different conditions used clearly show that this treatment alone cannot be the trigger for the cAMP increase. Also with these strains the cAMP level drops again approximately concomitant with the initiation of exponential growth on glucose. A comparison of the three strains used indicates a correlation with the end of the lag phase and no correlation with the depletion of glucose from the medium. Interestingly, this transient increase in cAMP is strongly reduced in the absence of a nitrogen source and therefore seems to be truly associated with a lag phase preceding the initiation of growth, rather than the mere absence of growth.
The disappearance of glucose from the medium during the lag phase is clearly reduced in the cAPK-defective strains compared to the wild-type, but is initially very similar for the three cAPK-defective strains. Only afterwards, when substantial growth has occurred, is a correlation between growth rate and glucose depletion in the medium clearly visible. The results of the 31P-NMR measurements indicate normal initiation of glucose metabolism in the cAPK-defective strains. Glucose metabolism in these strains is apparently fast enough to generate the same increases in the levels of ATP and sugar phosphates as observed in wild-type cells. Important with respect to the control of the cAMP level is the fact that the cAPK-defective strains display the same increase in their intracellular pH as wild-type cells. This excludes the possibility that the huge transient hyperaccumulation of cAMP during the prolonged lag phase in these strains is caused by an extended period of intracellular acidification due to metabolic problems caused by the defective cAPK activity.
Our results show that simple harvesting and resuspension of exponentially growing yeast strains with defective cAPK activity in glucose-containing growth medium causes the presence of a pronounced lag phase before growth resumes. Hence, the longer lag phase of strains with attenuated cAPK activity is not specifically due to slower exit from stationary phase. This indicates that if the Ras/adenylate cyclase pathway has a function in the stimulation of outgrowth or recovery from stationary phase (Tatchell, 1993) , it would also function in the re-initiation of exponential growth in cells in which exponential growth is temporarily disturbed. However, it might also be that this longer lag phase is just an artefact without true physiological relevance.
The large hyperaccumulation of cAMP during the lag phase of the cAPK-defective strains is transient. It drops back to the original level in about 1-2 h. Since the strain with reduced, constitutive activity of cAPK lacks the BCYI-encoded regulatory subunit, the decrease in the cAMP level cannot be due to CAMP-triggered activation of cAPK with a stimulation of feedback inhibition as a result. Moreover, the tpkl-3A y a k l A strain also shows a drop in CAMP. Hence, in addition to feedback inhibition by cAPK, other mechanisms appear to exist in S. cerevisiae which are able to trigger potent downregulation of the cAMP level. One possibility is the socalled fermentable-growth-medium (FGM)-induced pathway for which we have suggested previously that it is able to activate the free catalytic subunits of cAPK in glucose-containing medium (Thevelein, 1991 (Thevelein, , 1994 . However, other mechanisms, such as transcriptional regulation of genes involved in cAMP synthesis and/or hydrolysis cannot be excluded.
The large, transient accumulation of cAMP in the cAPKdefective strains needs a growth medium. It is clearly stimulated by the presence of glucose and a nitrogen source. On the other hand, the absence of phosphate or sulfate in the medium has little effect. The stimulation by nitrogen is only partially dependent on protein synthesis. The pronounced nitrogen effect appears at first confusing. Elaborate work with wild-type cells has clearly shown that addition of nitrogen to nitrogenstarved cells activates cAPK-controlled targets in a CAMP-independent way (Durnez et al., 1994; Hirimburegama et al., 1992; Thevelein & Beullens, 1985) . No effect of nitrogen addition on the cAMP level in nitrogenstarved cells could be observed (Hirimburegama et al., 1992) . From these observations we have concluded previously that nitrogen sources do not affect cAPK targets in glucose-growing yeast cells by enhancing the cAMP level (Thevelein, 1991 (Thevelein, , 1994 . In our view, the present results do not contradict this conclusion. The stimulating effect of nitrogen on the cAMP level in the cAPK-defective strains is clearly confined to the lag phase. When exponential growth on glucose starts, the cAMP level drops rapidly, whether nitrogen is present or not. This confirms that in glucose medium nitrogen does not affect cAPK targets and does not stimulate growth by stimulation of cAMP synthesis. The conclusion that nitrogen does not stimulate cAMP synthesis during growth is supported by the observation that transfer of the cells of cAPK-defective strains and wildtype strains to a nitrogen starvation medium leads to an increase in the cAMP level rather than a decrease. This result is important since wild-type cells display a phenotype indicating down-regulation of cAPK activity under such conditions. These results further support the existence of other mechanisms regulating cAPK activity besides CAMP.
In conclusion, our results indicate that in yeast cells the lag phase of growth on glucose medium is associated with a transient increase in the cAMP level. The initiation of exponential growth on glucose is associated with a decrease in CAMP, which is unrelated to the remaining glucose level in the medium. There is no significant difference in the cAMP level of cells growing exponentially on glucose and cells in the diauxic phase or growing on ethanol. These results indicate that mechanisms other than changes in the cAMP level must be responsible for the apparent changes in cAPK activity 
